Reduced brain-derived neurotrophic factor (BDNF) may underlie age-related synaptic loss, in turn contributing to cerebral atrophy, cognitive decline, and increased risk for psychiatric disorders. However, the specific contribution of BDNF to the age-related expression changes in synaptic markers and their temporal trajectories remain uncharacterized. Using microarray data from orbitofrontal cortex of control subjects (n = 209; 16-96 years), we identified genes whose expression positively correlates with BDNF (r40.575; n = 200 genes) and analyzed them for enriched biological pathways. qPCR was performed to measure the expression level of transcript variants of BDNF, NTRK2, and selected BDNF-coexpressed genes in younger and older subjects. We confirmed age-related downregulation of BDNF and show 78 of the top 200 BDNF-coexpressed genes are associated with synaptic function. Both excitatory and inhibitory synaptic genes show decreased expression with age and are positively correlated with BDNF and NTRK2 expression and negatively correlated with dominant-negative truncated NTRK2 level. Results were validated at the RNA level in an independent cohort and at the protein level for selected findings. We next tested the causal link between the correlative human findings using mice with conditional blockade of BDNF/ NTRK2 signaling. Blockade of NTRK2 activity in adult mice recapitulate the age-like pattern in the expression of markers for inhibitory presynaptic but notably not for excitatory synaptic genes. Together, these findings suggest that age-dependent decrease in BDNF signaling may cause synaptic alterations through an initial and preferential effect on GABA presynaptic genes. These results have implications for neuropsychiatric disorders characterized by accelerated aging molecular profiles, such as major depression.
INTRODUCTION
Normal brain aging is associated with progressive cellular and structural changes, cognitive decline, and increased vulnerability to neurobiological diseases. With dramatic growth of the older population, the need to understand the mechanism and consequence of aging on the brain has become critically important. Imaging studies report smaller prefrontal cortex (PFC) volume in elderly subjects without obvious neurological disease (Tisserand et al, 2002) . Consistent with functional impairment and brain atrophy, a decrease in neuronal body size, dendritic length, and loss of synapses without loss of neurons have been observed in postmortem studies (Morrison and Baxter, 2012; Rajkowska, 2000; Stockmeier et al, 2004) .
The effect of aging on the incidence of psychiatric disease remains controversial (Blazer, 1994; Glaesmer et al, 2011; Kessler et al, 2010) . For instance, while subthreshold depression and depressive symptoms are more common in later life (Beekman et al, 1995) , they are often misattributed to aging per se, leading to underdiagnosis of depression. Animal studies show that the effects of stress on cognitive, neuroendocrine, biochemical, and anatomical changes are augmented in older subjects (Juster et al, 2010; Lupien et al, 2009) . Recent advances in understanding the molecular and cellular bases of altered mood regulation in adult depressed subjects, and the observation of a considerable overlap between normal aging and depression-related brain changes (McKinney et al, 2012; McKinney and Sibille, 2013) , suggest that aspects of mood-regulatory mechanisms may be selectively vulnerable to early homeostatic changes during normal aging. Indeed, older age is a potent risk factor for the functional decline of the PFC, which is important for cognitive function, working memory, and emotion regulation across species, ranging from rodents to humans.
BDNF, a small secreted protein, and its receptor, NTRK2 (also known as TRKB), have important roles in neuronal development, differentiation, maintenance, and plasticity throughout life. In the brain, two isoforms of NTRK2 are abundantly expressed: full-length (NTRK2-FL) and truncated form (NTRK2-T1). In contrast to NTRK2-FL, which binds to BDNF and activates downstream kinase cascades, NTRK2-T1 lacks intracellular catalytic domain and therefore acts as an endogenous inhibitor of NTRK2-FL by competing for the available BDNF pool (Eide et al, 1996; Gupta et al, 2013) . Low BDNF and/or NTRK2 expression has been reported in multiple brain disorders and during normal brain aging, which are often accompanied by mild brain atrophy, reduced neuronal function, and synaptic loss Hattiangady et al, 2005; Howells et al, 2000; Romanczyk et al, 2002; Thompson Ray et al, 2011; Wong et al, 2013) . Brain-specific deletion of BDNF or NTRK2 in mouse induces neuronal shrinkage, dendritic retraction in the cortex, and cognitive and learning deficit (Gorski et al, 2003a; Gorski et al, 2003b; Xu et al, 2000) . These data imply that normal aging-associated BDNF and NTRK2 changes in the PFC might compromise synaptic integrity and function, although this link has not been tested in humans.
The biological role of BDNF has been thoroughly studied; however, investigating BDNF-driven changes in vivo and/or in human subjects is challenging owing to its low endogenous level and complex regulation by multiple promoters. Most studies were conducted with in vitro models, sometimes with the aid of overexpression or exogenous application of BDNF. Moreover, whereas changes in BDNF levels seem an obvious candidate biological event for age-related structural and functional changes, numerous other age-related complex processes simultaneously occur, including among others, increased inflammation, reduced blood flow, and accumulated free radical damage to macromolecules, all potentially contributing to the molecular, structural, and functional alterations of the brain.
In the present study, we investigated age-related BDNF change in the human PFC and specifically focused on its putative contribution to GABA and glutamate synapticrelated transcriptome changes occurring during normal aging. We then used an inducible genetic mouse model to directly test the putative causal role of BDNF/NTRK2 signaling in aging-associated gene expression alterations. We predicted that reduced BDNF would directly contribute to low synaptic function through altered expression of markers for inhibitory and excitatory neurons and synaptic function-related genes.
MATERIALS AND METHODS

Human Postmortem Subjects
Postmortem brains were collected from the Allegheny County Coroner's Office (Pittsburgh, PA) after consent from the next of kin. A committee of experienced clinical scientists examined clinical records, toxicology, and standardized psychological autopsy data for all cases. Individuals were also screened for the absence of neurodegenerative disorders by neuropathological examination. All procedures were approved by the University of Pittsburgh's Committee for the Oversight of Research Involving the Dead and Institutional Review Board for Biomedical Research. After careful examination of clinical and technical parameters, 209 control subjects without DSM-IV diagnosis were selected. Because of the large cohort size, a subcohort was generated for qPCR validation (n = 40/group) and immunoblot (n = 10/group) based on groups with clear age separation between younger (⩽42 years) and older (⩾60 years) age.
To validate our findings with independent samples, freshfrozen postmortem brain tissues were obtained from the Douglas-Bell Canada brain bank (Douglas Mental Health University Institute, Montreal, Canada). Psychological autopsy data and medical and demographic information were thoroughly examined to generate a cohort of 13 younger and 13 older subjects. The effects of age on gene expression are mostly linear (Erraji-Benchekroun et al, 2005) so the chosen age thresholds were arbitrary but they provided two balanced groups that did not differ in other measures (Supplementary Table S1 ).
Animals and Drug Treatment
NTRK2
F616A heterozygote mice, which harbor a point mutation in the ATP-binding pocket of NTRK2 that is selectively blocked by ATP competitive kinase inhibitor 1NMPP1, resulting in a blockade of NTRK2-mediated signaling (Chen et al, 2005) , were obtained from Jackson laboratories (Bar Harbor, ME) and intercrossed to generate homozygote mice. Male homozygote mice (9-10 weeks old) were fed with 25 μM 1NMPP1 or vehicle (0.0003% DMSO) via drinking water for 3 weeks and killed. Medial PFCs were collected and stored at − 80°C until RNA isolation.
RNA Extraction
Human RNA was isolated from all six cortical layers of orbitofrontal cortex (Brodmann area 47) using TRIzol (Invitrogen Life Technologies, Carlsbad, CA) and further purified with RNeasy spin columns (QIAGEN, Valencia, CA). To isolate total RNA from mouse cortices, RNeasy Micro Plus Kit (QIAGEN) was directly used.
Gene Arrays and Expression Analysis
RNA samples were processed for microarray analysis using Affymetrix GeneChip Human Gene 1.1ST, according to the manufacturer's protocol (Affymetrix, Santa Clara, CA). Gene expression data were extracted using Expression Console build 1.2.1.20 and normalized with quantile normalization method to eliminate batch effects. To identify the effect of age on gene expression, each expression value was fitted to a regression model using potential confounding covariates. The residuals of each gene were further adjusted by a power function regression model for age effect only.
BDNF Coexpression Network Analysis
Pearson's correlation values were calculated between BDNF and each transcript examined by array. The top 200 genes positively correlated with BDNF (r40.575) were analyzed and visualized using Cytoscape (version 3.1.1) (Shannon et al, 2003) with ClueGO plugin (version 2.1.7) (Bindea et al, 2009 ) and further examined with DAVID Functional Annotation Clustering Tool (Huang da et al, 2009a, b) . The group p-values that are reported in the article are adjusted with Bonferroni step down method.
Real-Time Quantitative PCR (qPCR)
cDNA was synthesized with total RNA using qScript cDNA supermix (Quanta BioSciences, Gaithersburg, MD). PCR products were amplified in triplicate on a Mastercycler real-time PCR machine (Eppendorf, Hamburg, Germany) using universal PCR conditions. Results were calculated as the geometric mean of threshold cycles normalized to three validated internal controls (actin, glyceraldehyde-3-phosphate dehydrogenase, and cyclophilin G). Based on the BDNF coexpression network analysis, candidate genes for qPCR verification were selected: (i) BDNF transcript variants (exon1, exon2, exon4, exon6, protein-coding sequence); (ii) two NTRK2 isoforms (NTRK2-FL, NTRK2-T1); (iii) five excitatory synapse-related genes: solute carrier family 17; member 7 (SLC17A7, also known as vGLUT1); glutamate receptor, AMPA1 (GRIA1); glutamate receptors, NMDA 2A and NMDA 2B (GRIN2A, GRIN2B); discs large homolog 4 (DLG4, also known as PSD95); (iv) eight inhibitory neuronal genes (presynaptic markers): solute carrier family 32, member 1 (SLC32A1, also known as vGAT); and seven interneuron markers (SST, NPY, CORT, PVALB, CCK, GAD1, and GAD2); and (v) three postsynaptic GABA receptors (GABRA4, GABRA5, GABRB3).
Protein Isolation and Western Blotting
About 15 mm 3 of orbitofrontal cortices were collected in RIPA lysis buffer (50 mM Tris-Cl, 150 mM NaCl, 1% Triton-X100, 0.5% sodium deoxycholate, 0.1% SDS, phosphatase inhibitor cocktails (04906837001; Sigma-Aldrich, Oakville, ON, Canada), protease inhibitors (539131; EMD Millipore, Etobicoke, ON, Canada)). In all, 20-50 μg of total protein samples were separated on 4-15% gradient gel (4561083; Bio-Rad Laboratories, Mississauga, ON, Canada) and blotted to PVDF membrane. After blocking with 5% non-fat milk, membranes were incubated overnight at 4°C with the following primary antibodies: anti-NTRK2 (sc-8316; 1:2,000, Santa Cruz Biotechnology, Santa Cruz, CA), anti-β-actin (A2228; 1:10,000, Sigma-Aldrich), anti-GRIN2A (4205; 1:1,000, Cell Signaling Technology, Danvers, MA), anti-GRIN2B (06-600; 1:1,000, EMD Millipore), anti-DLG4 (2507; 1:2,000, Cell Signaling Technology), anti-SLC32A1 (131011, 1:1,000, Synaptic systems, Goettingen, Germany), and anti-GAD1 (MAB5406, 1:5,000, EMD Millipore). After rinse, membranes were incubated with peroxidaseconjugated secondary antibodies (Vector Laboratories, Burlington, ON, Canada) and developed with chemiluminescence substrate (34096; Fisher Scientific). Immunoreactive bands were scanned using ChemiDoc XRS imaging system (Bio-Rad Laboratories). The intensity of each band was normalized to the intensity of corresponding β-actin band.
Statistical Analysis
Analyses were performed using SPSS (SPSS, Chicago, IL). Correlations between two genes or between gene and age were calculated using Pearson's correlation coefficient. Gene expression differences between two age groups were determined by analysis of covariance (ANCOVA) as described elsewhere (Tripp et al, 2011) . To determine relevant covariates, each nominal factor was tested as the main factor in ANOVA, scale covariates were tested by Pearson's correlation. Results of covariate factor analyses were corrected by Bonferroni-Holm method. The final ANCOVA models included only significant co-factors and were then applied to our genes of interest as the dependent variable and subject group as the main effect. For the rodent drug studies, we performed and replicated our assays using two separate cohorts. Unpaired t-tests were performed for the separate cohorts, and p-values were combined using Stouffer's z-trend method (Whitlock, 2005) and reported in the article.
RESULTS
BDNF and BDNF-Associated Transcriptome Changes in the Aging Human Brain
Large-scale gene expression data were obtained by microarray analysis in the orbitofrontal cortex of 209 postmortem samples from subjects without psychiatric or neurological illness, ranging from 16 to 96 years of age. BDNF expression gradually decreased with age (Pearson's correlation value to age (r) = − 0.36, po0.0000001; Figure 1a ). To identify BDNF-related transcriptome changes, we calculated Pearson's correlation values between BDNF and each gene probeset. Overall, genes with higher correlation to BDNF showed larger age-related changes ( Figure 1b) .
To investigate biological pathways potentially affected by BDNF, genes positively correlated to BDNF were analyzed with Cytoscape with ClueGO ( Figure 1c ). As similar results were obtained with the top 100 and 200 genes, we focused the report on the top 200 genes (r40.575, full gene list is available in Supplementary Table S2 ). Among 75 GO terms with po0.01, 9 functional groups were identified: synaptic transmission (66 genes, p = 2.4E-22), neuron projection development (47 genes, p = 3.2E-15), neuron part (49 genes, p = 1.3E-17), neuron development (46 genes, p = 5.7E-16), signal release (20 genes, p = 2.9E-07), dendrite (24 genes, p = 1.6E-10), cell-cell signaling (54 genes, p = 3.8E-18), synaptic vesicle (12 genes, p = 3.7E-08), and growth cone (9 genes, p = 1.9E-05) (full annotations are presented in Supplementary Figure S1 ). DAVID Functional Annotation Clustering Tool confirmed that the most enriched gene cluster in the BDNF coexpression network included synapserelated genes (enrichment score = 6.93). The second and third clusters identified by DAVID analysis were also associated with synapse ( Figure 1d and Supplementary Table  S3) . Genes in top three clusters were related to voltage-gated channels (CACNA2D1, KCND2, SCN3B, KCNAB1, SCN2A, CACNB1, CACNA1E, CACNG3, SCN8A, KCNK1, KCNV1), neurotransmitter receptors (GABRB3, GRIN2B, GABRA4, GRIA1, GLRA3, GABRA5, GRIN2A, GABBR2, HTR2A), synaptic vesicle-related molecules (SLC17A7, SVOP, RAB3C, GRIN2B, SYT4, SYT5, SV2B, ATP6V0D1), and synaptic cell adhesion molecules (NLGN1, NRXN3) ( Figure 1d) .
As most investigated genes showed age effects, an important control analysis is to rule out a general effect of age underlying the correlations between BDNF and the expression of other genes. Accordingly, we performed the same analysis using data in which the effect of age was analytically subtracted (ie, using age-residual values). Results indicated very similar patterns of correlation values at the level of individual genes and for the functional clustering analysis: 145 of the top 200 were overlapping with the previous analysis and synapse-related genes were enriched in BDNF coexpressed genes (Supplementary Figure S2 ). This demonstrated a role for BDNF beyond, or in addition to, the effect of age in the observed gene expression trajectories.
Excitatory and Inhibitory Synaptic Genes Demonstrate Age-Related Changes that Parallel Changes in BDNF
DAVID functional annotation tool revealed that GABA as well as glutamate receptor activity-related genes were significantly enriched in the top 200 BDNF coexpression network: GABA receptor activity-related genes (GO:16917): GABBR2, GABRA4, GABRA5, GABRB3 (fold enrichment = 13.7, p = 0.003), and glutamate receptor activity-related genes (GO:0008066): GABBR2, GRIA1, GRIN2A, GRIN2B (fold enrichment = 10.6, p = 0.006). To investigate whether additional markers of excitatory and inhibitory synapses undergo aging-related changes, we performed the same analysis on the full expression data set (ie, not limited to BDNF-coexpressed genes). Overall, age-related downregulation was observed across excitatory and inhibitory synaptic markers (percentage of genes with significant negative correlation to age: 68.4% of GABA synaptic genes, 63.0% of glutamate synaptic genes, Table 1 ), suggesting a general suppression of neurotransmission. Although the degrees of correlation to BDNF expression were slightly reduced using age-residual values, 79 out of the 84 synaptic genes showed the same directionality and significance of correlation using residual or uncorrected expression values (94% matching; Table 1 ).
Validation and Extension of Age-Dependent Changes in BDNF-, GABA-, and Glutamate Signaling-Related Genes
To extend and validate the microarray results, we performed qPCR with primers for BDNF machinery and synaptic gene transcripts in selected subcohorts of 40 younger and 40 older subjects. In addition to 16 glutamatergic and GABAergic synapse-related genes, we included primers targeting the protein-coding sequence and four different 5′ exons of BDNF as well as two isoforms of NTRK2 as the array data did not differentiate splice variants. Total BDNF level, which was measured by coding sequence-targeting primers, was significantly reduced (−10.7 ± 3.6% compared with young, F = 4.44, p = 0.038) with age. Similar age-associated decreases were observed in BDNF exon2 (−49.6 ± 13.0%, F = 5.83, p = 0.018) and exon4 (+) transcripts (31.0 ± 3.2%, F = 27.10, p = 1.5E-06) but not in exon1 and exon6 (Supplementary Figure S3) . Whereas the expression of full-length NTRK2 decreased (−19.1 ± 2.7%, F = 27.44, p = 1.4E-06), the expression of the truncated form increased in the older brain (+21.9 ± 6.8%, F = 8.92, p = 0.004). Most examined synaptic markers displayed lower expression in older subjects (Figures 2a-d ): SLC17A7 (−13.8 ± 2.4%, F = 12.58, p = 0.001), GRIN2A (−22.4 ± 3.8%, F = 19.07, p = 3.8E-05), GRIN2B (−25.9 ± 5.2%, F = 9.38, p = 0.003), DLG4 (−18.9 ± 2.6%, F = 19.04, p = 3.9E-05), SST (−46.2 ± 3.8%, F = 49.04, p = 8.2E-10), NPY (−21.7 ± 5.0%, F = 9.49, p = 0.003), CORT (−37.5 ± 2.7%, F = 74.02, p = 6.4E-13), CCK (−16.6 ± 3.6%, F = 14.23, p = 3.2E-04), SLC32A1 (−31.9 ± 4.3%, F = 35.33, p = 7.9E-08), GAD1 (−12.9 ± 3.6%, F = 5.68, p = 0.020), GA-BRA4 (−14.1 ± 3.6%, F = 8.53, p = 0.005), GABRA5 (−23.7 ± 2.1%, F = 43.36, p = 4.8E-09), and GABRB3 (−29.3 ± 2.8%, F = 52.73, p = 2.7E-10). Overall, the qPCR data replicated the array findings with high positive correlation (r = 0.74, p = 4.8E-04; Supplementary Figure S4) .
Notably, the expression of synaptic genes showed the highest correlation to NTRK2-FL expression among BDNF signaling-associated genes (average r = 0.63, po0.0000001; Figure 2e ), including NTRK2 isoforms and total and BDNF transcript variants (data of BDNF transcript variants were not shown), suggesting that low NTRK2-FL expression in the older brain may drive age-related changes of synaptic genes.
To further validate our findings, we attempted to replicate selected results in an independent cohort of younger and older adult subjects from a different brain bank (n = 13/group). qPCR assessment of expression of 23 genes or exons show significant age-associated changes for BDNF machinery and synaptic genes. Results across the two cohorts were highly correlated (r = 0.86, po0.0000001; Supplementary Figure S5) .
Finally, we assessed changes at the protein level in a subgroup of the original cohort (n = 10/group). Significant age-associated downregulation of NTRK2-FL, GRIN2B, and DLG4 was also observed by quantitative western blotting analysis: NTRK2-FL (−32.9 ± 6.9%, p = 0.005), GRIN2B (−35.2 ± 9.3%, p = 0.042), and DLG4 (−54.1 ± 7.1%, p = 0.025). Although significant group differences were not found in other proteins, most likely because of the small group size and higher standard deviation in western blotting analysis, the direction of changes was the same with that of mRNA and the protein levels were overall highly correlated with mRNA levels (n = 10/group; 7 genes; r = 0.53, p = 0.000001; Figures 2f and g ).
Temporal Blockade of BDNF Signaling is Sufficient to Induce Age-Like Changes in Inhibitory Synapse-Related Genes
To investigate whether low BDNF signaling is sufficient to induce the pattern of gene changes observed during aging, we utilized a pharmacogenetic approach using NTRK2 F616A transgenic mice that harbor a point mutation in the ATPbinding domain of NTRK2. The modified NTRK2 is fully functional and does not cause detectable phenotype in the absence of 1NMPP1, a cell permeable kinase inhibitor (Chen et al, 2005) . This model allows precise control of BDNF-NTRK2 signaling in adult animals, hence bypassing potential developmental compensations. Three weeks of 1NMPP1 treatment did not affect BDNF expression but resulted in increased expression of NTRK2-FL (+48.5 ± 11.9%, p = 0.001) and NTRK2-T1 (+30.6 ± 9.5%, p = 0.014) in the medial frontal cortex of NTRK2 F616A homozygote mice (Figure 3a) , as putative adaptations to reduced NTRK2 signaling. Downstream from reduced BDNF-NTRK2 signaling, five of the tested inhibitory presynaptic markers showed significant decreased expression changes that matched the human age-related changes: SST (−35.6 ± 6.0%, p = 0.001), NPY (−28.8 ± 4.8%, p = 2.4E-05), CORT (−31.7 ± 4.7%, p = 0.003), CCK (−36.6 ± 4.4%, p = 0.001), and GAD1 (−38.2 ± 4.5%, p = 0.016), (Figure 3c ). In contrast, markers of excitatory synapse and inhibitory postsynaptic genes showed mixed patterns: GRIA1 (+38.6 ± 8.7%, p = 0.008), GRIN2A (+55.3 ± 14.4%, p = 0.006), GRIN2B (+81.6 ± 22.7%, p = 0.001), DLG4 (−12.0 ± 3.4%, p = 0.016), GABRA5 (−17.0 ± 3.8%, p = 0.041), and GABRB3 (+37.8 ± 7.1%, p = 0.003) (Figures 3b and d) .
These results indicate that the temporal inhibition of NTRK2 activity is sufficient to induce an aging-associated pattern in the expression of markers for inhibitory presynaptic but not excitatory synaptic genes in the frontal cortex of adult mice.
DISCUSSION
Reduced BDNF function has been suggested as a contributor to the molecular and cellular underpinnings of age-related brain deficits, but its specific contribution to age-related gene expression changes for excitatory and inhibitory synaptic markers remains uncharacterized. In the present study, we observed a progressive reduction of BDNF expression with age in the control human brain (Figure 1 ). The analysis of the BDNF gene coexpression network shows that the expression of multiple synapse-related genes is closely associated with BDNF expression (Figure 1 ) and also downregulated with aging (Table 1) . Our isoform-specific qPCR investigation revealed that all BDNF signaling genes, total BDNF, NTRK2-FL, and NTRK2-T1, changed in the direction of lower BDNF function in the older human brain, which was also supported by decreased protein level of NTRK2-FL (Figure 2 ). Finally, using transgenic mice, we demonstrated that transient blockade of BDNF signaling, through NTRK2 inhibition in the adult brain, is sufficient to cause an aginglike gene expression profile, although restricted to GABArelated presynaptic markers (Figure 3 ). Thus we speculate Note that correlations to BDNF are maintained after aging effect on gene expression is analytically removed.
that other synaptic-related changes observed during aging, namely, affecting glutamatergic markers, may occur as a long-term consequence of BDNF effects on GABA markers. These results significantly extend previous correlative findings on age-associated decrement of BDNF and NTRK2 in elderly humans and animal models (Hattiangady et al, 2005; O'Callaghan et al, 2009; Romanczyk et al, 2002; Silhol et al, 2007) in two ways: first, by delineating in the human brain the extent of the putative impact of reduced BDNF signaling on the age-related transcriptome, and second, by demonstrating in rodents a causal link between reduced neurotrophic support and the expression of genes that code inhibitory synaptic-associated proteins and that are affected during aging. Notably, the preferential impact of reduced BDNF signaling on GABA-related markers (Figure 3) provides insights into the dynamics of gene changes with aging (ie, GABA changes occurring first) and has implications for mechanisms of brain disorders. It is widely accepted that synaptic impairments, rather than neuronal loss, underlie brain aging. Human studies have reported breakdown in network connectivity as well as impaired white matter integrity with aging (Bishop et al, 2010) . Non-human primate studies have provided more direct evidence that cognitive impairment might result from the loss of cortico-cortical synapses in PFC: age-associated synaptic loss is most prominent for axospinous synapses in layer 3 where cortico-cortical synapses predominate and the extent of synaptic loss correlates with the degree of cognitive impairments (Dumitriu et al, 2010) . In agreement with this report, we observed in older brain decrements of expression for markers of presynaptic boutons, such as SLC17A7 (vGLUT1), which is enriched in cortico-cortical axon terminals. In vitro studies have shown that BDNF has a key role in synaptogenesis and synaptic maturation not only for excitatory synapses but also for inhibitory synapses (Kohara et al, 2007) . The present transcriptome and coexpression network analysis confirmed the close link between reduced BDNF and the downregulated expression of many synapse-related genes during aging. These correlations remained significant even after gene expression was normalized by aging effect (ie, using age-residual expression values), implying that age-dependent changes in BDNF expression mediate, rather than moderate, specific age-related transcriptome changes in the human brain, potentially contributing to the observed structural, connectivity, and functional changes during aging. Notably, we show that GABA receptors (GABBR2, GABRA4, GABRA5, and GABRB3), glutamate receptors (GRIA1, GRIN2A, GRIN2B), and multiple genes associated with both excitatory and inhibitory functions are closely correlated with BDNF expression and downregulated with age.
BDNF regulates many cellular functions related to differentiation, maintenance, and plasticity and is thus considered a valid biological candidate to orchestrate such complex changes in the human brain. Our postmortem human study provides supporting evidence for low BDNF leading to decreased synaptic markers during brain aging; however, these findings do not demonstrate causation. In previous studies, high BDNF dependency was observed for interneuron markers in constitutive Tripp et al, 2012) and induced (Glorioso et al, 2006) BDNF knockout mice. In addition, constitutive BDNF heterozygous mice showed greater age-related excitatory (Carretón et al, 2012) and inhibitory synaptic marker changes (Saylor et al, 2006 ). Yet, constitutive or chronic reduction of BDNF can lead to biological compensations and the observed gene expression changes could themselves be the result of those compensatory mechanisms. Further, age-related gene expression changes in humans seem to be more highly affected by NTRK2 changes than by BDNF as supported by the closest association of age-related synaptic genes to NTRK2-FL among BDNF signaling genes and transcripts (Figure 2) . Utilization of NTRK2 F616A mice allowed us to address causality while circumventing those limitations. Contrary to our expectation that both excitatory and inhibitory synaptic genes would be decreased by a temporal NTRK2 blockade, we observed aging-like changes mainly in the markers of GABA neuron inhibitory presynaptic functions: SST, NPY, CORT, CCK, and GAD1.
Several reasons might account for the observed differences between the effects of aging and of temporal blockade of BDNF signaling. First, species differences might account for the discrepancy; indeed, age-related alterations in gene expression patterns differ between mice and humans (Loerch et al, 2008) . Second, interneurons might be more dependent on BDNF than pyramidal cells and consequently are more likely to exhibit a response to low BDNF signaling. This is consistent with prior findings from constitutive KO lines (Glorioso et al, 2006; Guilloux et al, 2012; Tripp et al, 2012) . GABAergic cells do not produce BDNF and rely on BDNF supply from other cell population, such as excitatory neurons (Cellerino et al, 1996; Gorba and Wahle, 1999; Jin et al, 2003; Kohara et al, 2007; Marty et al, 2000; Rocamora et al, 1996) . Third and related, 1NMPP1-treated NTRK2 F616A mice are known to exhibit a NTRK2-null phenotype (Chen et al, 2005) , so contrary to an aging-related gradual decrease of BDNF function, the BDNF/NTRK2 activity change may be too dramatic and/or too short for evoking the gradual and long-term compensatory changes that occur during aging. We believe that this temporal de-coupling allowed us here to differentiate the effects of BDNF on markers of distinct cell populations within an intact complex brain. Integrating the findings from human postmortem study and the animal data, we propose a model of healthy brain aging in which age-repressed BDNF signaling may result in lower GABA function, which with time may lead to glutamate signaling downregulation to preserve excitatory-inhibitory balance (Figure 4) .
One can assume that this mechanism of low BDNF function-driving synaptic alterations without breaking the excitatory-inhibitory balance-is crucial for healthy aging. On the other hand, deregulation in this homeostatic mechanism may lead to pathological changes and brain disorders. Interestingly, MDD has been associated with reduced central BDNF function Tripp et al, 2012) and with an accelerated pattern of age-related transcriptome changes (Douillard-Guilloux et al, 2013) . Moreover, these MDD-and BDNF-related changes have been preferentially associated with altered/reduced presynaptic GABA function rather than excitatory glutamatergicrelated functions (Ding et al, 2015; Guilloux et al, 2012) . This suggests that MDD may result from a failure for excitation to compensate for BDNF and GABA-related gene changes. Similar expression and BDNF correlation studies performed in the postmortem brains of MDD and control subjects could begin testing this hypothesis. This would be consistent with an age by disease interaction model, where the normal trajectory of age-dependent changes provides substrates for pathological changes. This model suggests that whenever those changes occur out of their expected trajectories and biological context (eg, too early) or do not lead to appropriate homeostatic adaptations, they may lead to biological imbalance and pathophysiological entities (McKinney et al, 2012; Sibille, 2013) . Here the mechanism underpinning reduced BDNF during aging was not investigated; however, hypermethylation in BDNF gene was observed in older subjects of the same cohort (McKinney et al, 2015) . It would be interesting to investigate how those (and other) age-related regulatory mechanisms are affected in MDD.
In summary, the findings from human postmortem study suggest that age-related reduction in BDNF/NTRK2 signaling is closely associated with alterations in both excitatory and inhibitory synapses in the PFC. The selective downregulation of GABA presynaptic markers by temporal NTRK2 blockade in mouse model suggests that the early age-related changes may involve alterations in GABA system, whereas excitatory synaptic changes may follow to maintain the excitation/inhibition balance.
Limitations
First, no gene or cellular functional analysis was performed in this study. Although animal and imaging studies imply that synaptic disturbance is the underpinning mechanism of age-related cognitive decline, we cannot directly determine whether synaptic gene expression changes are responsible for functional deficit. We cannot address this issue with our animal model either because chronic 1NMPP1 treatment induces degeneration of motor neuron terminals (Chen, 2007) , which may compromise behavioral test results. Second, gene expression profiles were analyzed in tissue homogenate containing all six layers of gray matter. Considering that age-associated cognitive impairment has been suggested to correlate with layer three pyramidal neurons, the molecular changes might be diluted and information such as cell specific-gene alteration pattern would be lost. Third, additional BDNF-related changes may occur through non-NTRK2 signaling, which were not investigated here. identification, validation and new compound development for Autifony, Bristol-Myers Squibb, Concert Pharmaceuticals, and Sunovion. The other authors declare no conflict of interest.
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